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ABSTRACT 

This study focuses on optimizing single filler systems for hexagonal boron nitride (hBN) and cordierite (COR) to evaluate their distinct 
impacts on the performance of epoxy underfill materials in microelectronic packaging. Epoxy’s thermal conductivity is a constraint to 
the epoxy’s heat dissipation at high power densities. Furthermore, high filler loadings often hinder the mechanical integrity of epoxy 
and the processability of epoxy underfills for microelectronics. This study investigates the balance between processing constraints 
and functional improvements by analysing the effects of filler loadings. The study aims to manage the trade-offs among thermal 
conductivity, glass transition temperature, coefficient of thermal expansion, and rheological behavior, as well as form the structural 
and electrical integrity of the underfills, through their mechanical strength and dielectric properties. The study examines the surface 
interactions of the fillers, the physical appearance of the fillers, and their surface chemistries, as they impact the epoxy and dictate the 
fillers’ dispersion and the interfacial bonding between the fillers and the epoxy matrix. The information the study considers affects the 
performance of the fillers and is a metric for the performance of underfills in a targeted design of specialized semiconductors. 

Keywords: Epoxy underfill, Boron nitride, Cordierite, Thermal conductivity, Dielectric properties 

1. INTRODUCTION 

Underfill materials used in modern package topologies 
must meet strict reliability criteria due to the continuous 
trend in microelectronics toward higher powerful densities 
and smaller form factors. Although epoxy-based underfills 
are preferred due to their robust adhesion and processing 
flexibility, providing reliable processing and effective heat 
dissipation remains a challenge. The poor intrinsic thermal 
conductivity of epoxy underfills usually limits their 
capacity to control heat in high-power devices [1]. To 
create efficient heat pathways within the epoxy matrix 
while maintaining electrical insulation and dielectric 
stability, a significant amount of research has concentrated 
on adding thermally conductive fillers [1-3]. 

In this context, single fillers such as cordierite (C) and 
boron nitride (BN) offer unique performance advantages. 
Because of BN's well-known high in-plane thermal 
conductivity and superior electrical insulation, BN-filled 
epoxies represent an advanced approach to improving 
thermal transport without sacrificing dielectric integrity, 
provided that dispersion is carefully managed [1,2,4].  

 
On the other hand, when matched with device substrates, 
the intrinsically low coefficient of thermal expansion (CTE) 
and the dielectric stability of cordierite can help minimize 
the thermo-mechanical stress at solder joints. However, 
the cordierite alone often requires careful microstructural 
design and dispersion in the polymer matrix to provide 
meaningful thermal conduction [5-7]. 

The systematic review indicates the impact of filler content 
variation on the viscosity and processability, mechanical 
strength and stiffness, thermal characteristics, and 
dielectric behavior of both BN and cordierite fillers. The 
formation of percolation networks for thermal conduction, 
low dielectric loss retention, and stable Tg are all 
controlled by the dispersion conditions and the interfacial 
interactions between the filler and epoxy. To take 
advantage of cordierite’s low coefficient of thermal 
expansion (CTE) and dielectric benefits without suffering 
from high viscosity or processing issues, a uniform 
dispersion of cordierite is needed, but morphological 
investigations show that BN can be freely dispersed to 
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create effective thermal networks with minimal resistance 
to movement of the polymer [1-7]. 

These observations form a fundamental performance 
profile for single filler underfills and provide the basis for 
developing advanced epoxy underfills tailored to high-
power-density semiconductor applications. The challenge 
in these applications is to achieve an optimal balance 
between thermal management, processing efficiencies, and 
long-term reliability. 

1.1. Theoretical Background 

Epoxy resin is a thermoset made of diglycidyl ether of 
bisphenol A (DGEBA). It produces a three-dimensional 
network through crosslinking with curing agents.  In 
crosslinked epoxy polymers, the glass transition 
temperature (Tg) and stiffness of the network polymer are 
positively correlated with the crosslink density. With the 
reduction of network density, the glass transition 
temperature (Tg) decreases, and the toughness and heat 
resistance of the polymer network are negatively impacted 
[8, 9]. 

Neat epoxy in microelectronics provides excellent 
adhesion, good electric insulation and good stability but 
high coefficient of thermal expansion (CTE) and low 
intrinsic thermal conductivity about 0.2 W/mK. The use of 
epoxy resin and its composites in electronics requires the 
addition of fillers to the epoxy resin to obtain desired 
thermal and mechanical properties to improve the 
reliability of the electronic device to thermal cycling and 
solder-joint fatigue [10, 11]. Filler strategies aim to balance 
processability and dielectric performance for high-
frequency operations [12 - 14]. 

Hexagonal boron nitride (hBN) or white graphite is a 
material with high intrinsic thermal conductivity and 
electrical resistance, which makes it an ideal filler for 
epoxy-based underfills in microelectronics products. The 
plate-like morphology of hBN is responsible for the highly 
anisotropic and phonon-dominant heat conduction. The in-
plane thermal conductivity of hBN is more than an order of 
magnitude higher than the through-plane value due to the 
layered structure and the weak interlayer van der Waals 
interactions [15–17]. The heat conduction pathways in the 
hBN-embedded epoxy matrix can be converted from 
distributed platelets to continuous pathways by a 
percolated network, which reduces the thermal resistance. 
The percolation threshold is influenced by the filler 
content, aspect ratio, orientation, and dispersion quality 
[15,18,19]. Beyond the threshold, the viscosity will 
increase, which may be detrimental to the capillary filling 
during underfill processing. Therefore, practical 
implementation requires processing methods that 
promote network development while preserving flow [20-
22]. 

Several design solutions have been developed to reduce 
anisotropy and optimize network development at realistic 
loadings. Isotropic choices aim to maintain balanced 

conductivity in all directions, but orientation control, for 
instance, can increase through-plane conduction when 
fillers are aligned to generate quasi-2D conductive 
pathways. The importance of filler orientation in 
modulating thermophysical properties is highlighted by 
the fact that magnetic alignment of hBN platelets has been 
shown to be a viable method to induce directional ordering, 
achieve enhanced thermal conductivity, and reduce CTE at 
relatively low filler loadings [23]. Furthermore, processing 
approaches favoring basal-plane alignment and 
interconnected networks, such as external fields, 
templating or self-assembly processes, may contribute to 
oriented conductive networks [16,20,23]. 

Cordierite, also called magnesium aluminium silicate 
ceramic, is highly valued for its extremely low and 
sometimes negative coefficient of thermal expansion 
(CTE). The crystal structure of cordierite contains open 
rings formed by SiO4/AlO4 tetrahedral structures, which 
results in very low change in dimensions with temperature 
[24,25]. The theoretical CTE of the cordierite is usually 
between 0.1 and 2.0 × 10−6/°C. Cordierite can be used as 
shrinkage compensator in polymeric underfill systems for 
electronics. Substitution of some parts of the epoxy matrix 
with cordierite helps to fine-tune the overall composite 
CTE to better match the silicon dies and organic substrates, 
reducing the thermomechanical stresses at the interface 
that cause fatigue and mechanical failure of solder-joints 
under thermal cycling [24-26]. Moreover, the low CTE of 
cordierite makes it more resistant to thermal shock, which 
agrees with the flip-chip packaging requirement to 
maintain the dimensional stability during the heat-up and 
cooling off cycles [24,27]. However, to achieve these 
benefits in practice, it is necessary to control the content of 
cordierite, microstructure (including phase purity of α-
cordierite vs. μ-cordierite), porosity and dispersion in the 
epoxy matrix carefully, to avoid processing issues such as 
cracking or high viscosity [24,28]. 

Numerous studies support the application of cordierite as 
a low-CTE filler in epoxy composites. These include designs 
which co-develop cordierite with other ceramic phases 
(such as mullite) or incorporate cordierite into porous 
architectures to tailor mechanical performance and 
thermal expansion. Cordierite’s low dielectric constant, 
chemical durability and favorable high temperature 
stability all support its use as a functional component in 
protective coatings and electronic packaging, according to 
reports. To reduce residual stresses and maximize thermal 
stability, processing techniques for cordierite-enhanced 
underfills focus on achieving dense, low-porosity phases 
with controlled crystallization while maintaining sufficient 
flow characteristics for capillary underfill processes. 
Previous research suggests that cordierite can effectively 
improve the thermomechanical properties of epoxy 
underfills due to its low coefficient of thermal expansion 
and excellent thermal shock resistance. However, 
achieving these benefits depends strongly on the control of 
formulation parameters, sintering-induced phase 
development, and microstructural evolution. [25-29]. 
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2. METHODOLOGY 

Bisphenol-A epoxy was chosen as a polymer matrix. 
Hexagonal boron nitride (hBN) nanopowder with an 
average particle size of 70 nm and cordierite powder with 
a particle size of 5 μm were incorporated as fillers, whereas 
diethyltoluenediamine (DETDA) was used as the curing 
agent. 

2.1. Sample Preparation 

Samples of epoxy/hexagonal boron nitride (hBN) 
composite were prepared by gradually adding hBN (70 
nm) into an epoxy system at 0, 5, 10, 15 and 20 vol.% 
loadings. The powders were dispersed into the epoxy 
matrix by mechanical stirring for 15 min. Ultrasonication 
for another 15 min was conducted at room temperature to 
break up particle agglomerates and enhance the 
distribution of filler particles. DETDA hardener was then 
added to the mixture at 24 phr and stirred for an additional 
10 min. The mixture was then degassed in vacuum for 10-
15 minutes before curing to remove the entrapped air and 
aid to reduce the formation of voids in the specimen. After 
that, the degassed resin was poured into a mold (100 mm 
× 100 mm × 3 mm), cured at 100 °C for 12 hours, and post-
cured at 120 °C for 5 hours. Epoxy/hBN composite plates 
with various filler contents were obtained after cooling 
down to room temperature. To compare the two single-
filler systems, epoxy/5 µm cordierite composite was also 
fabricated using the same vol.% loadings (0–20 vol.%) 
under the same dispersion, degassing, and curing 
conditions as that of epoxy/hBN composite described 
above. 

3. DATA COLLECTION AND ANALYSIS 

Viscosity, thermal conductivity, dielectric constant, flexural 
properties and fracture toughness were measured to 
obtain experimental data to assess the performance of the 
prepared composites. Rheological properties were 
analyzed through viscosity measurements, thermal 
dissipation performance through thermal conductivity 
measurements, and electrical insulation through dielectric 
constant measurements. Flexural and fracture toughness 
tests were conducted to characterize the mechanical 
resistance of the specimens against deformation and 
cracking. 

3.1. Viscosity Test 

The rheological properties of the underfill materials were 
measured for the processing behavior of the materials 
using a Brookfield rotational viscometer. The instrument 
measures the torque required to rotate a spindle at a 
controlled speed in a sample, which is a measure of the 
resistance to the flow and internal friction of the material. 
The measurements were performed according to ASTM 
D2393 to ensure a standardized and reliable evaluation of 
the viscosity of the epoxy resin, filler (hBN or cordierite) 
and curing agent system. 

The prepared epoxy mixture was introduced into the 
measurement chamber for the testing procedure, and the 
viscometer spindle was immersed in the fluid. Viscosity 
was measured at different rotational speeds (rpm) to study 
the effect of shear rate on flow behavior. The results are 
reported in centipoise (cP), where lower values indicate 
better flowability. This parameter is especially important 
for underfill applications, since a sufficiently low viscosity 
is necessary to allow efficient capillary flow into the 
narrow gaps between the semiconductor die and the 
substrate. 

3.2. Thermal Conductivity Test 

The heat dissipation capability of the formulated underfills 
was evaluated by measuring their thermal conductivity 
using a KD2 Pro Thermal Properties Analyzer equipped 
with an RK-1 sensor. Since the RK-1 probe is designed for 
solid samples, the epoxy/BN and epoxy/cordierite 
composites were prepared in the form of rectangular 
specimens measuring 60 mm × 20 mm × 20 mm. For the 
measurement, a central hole with a diameter of 4 mm was 
carefully drilled into each specimen to accommodate the 
sensor probe and ensure proper contact during the testing 
process. The thermal conductivity measurements were 
performed with a fixed sampling interval of 15 s to 
maintain consistency and improve data reliability 
throughout the testing process. 

3.3. Dielectric Constant Test 

The dielectric properties of the composite specimens were 
characterized using a high-precision impedance analyzer 
in accordance with ASTM D150. These measurements are 
important for underfill materials because they must 
provide reliable electrical insulation while minimizing 
signal loss in high-frequency semiconductor devices. 
Measurements were taken at room temperature under 
controlled ambient conditions of approximately 50% 
relative humidity using a digital multimeter and a 
dedicated fixture to determine capacitance and dissipation 
factor. 

For specimen preparation the composites were cast into 
circular discs of 20 mm diameter and 1 mm thickness. To 
ensure good electrical contact and minimize interfacial 
resistance, both faces of each specimen were coated with a 
thin layer of conductive silver paint before measurement. 
The dielectric constant was then calculated from the 
measured capacitance of the sample with respect to that of 
free space (air) using the following equations: 

𝐶 =
𝜀0𝜀𝑟𝐴

𝑑
 (1) 

𝜀𝑟 =
𝐶∙𝑑

𝜀0∙𝐴
 (2) 

where: 

ɛr is the dielectric constant (relative permittivity). 
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C is the measured capacitance (F). 

d is the thickness of the specimen (m). 

A is the area of the electrodes (m2). 

ɛ0 is the permittivity of free space (8.854×10-12 F/m). 

3.4. Flexural Test 

The flexural properties of the epoxy composites were 
measured to determine the stiffness and resistance to 
bending deformation. The test was performed in a three-
point bending configuration, in which the specimen is 
loaded at the midpoint while supported at both ends, 
generating tensile stress on the outer surface of the beam. 
The measurements were conducted according to the ASTM 
D790 using an Instron Universal Testing Machine (Model 
5569). Rectangular samples of 60 mm × 12.7 mm × 3 mm 
were prepared for the testing with a support span of 
approximately 50 mm. A constant crosshead speed of 2.38 
mm/min was used throughout the entire experiment to 
provide uniform loading conditions. 

The flexural strength was calculated using the following 
equations: 

𝜎𝑓 =
3𝑃𝐿

2𝑏𝑑2 (3) 

where: 

𝜎𝑓= midpoint stress (MPa) 

P = load at a specified point on the curve of load-deflection 
(N) 

L = support span length (mm) 

3.5. Fracture Toughness Test 

Fracture toughness is a measure of the ability of a brittle 
material to resist crack initiation and propagation under an 
applied stress. It is typically expressed in terms of the 
critical stress intensity factor (K1C), where higher values 
indicate greater resistance to fracture and better damage 
tolerance. In this study, fracture testing was performed 
using an Instron Universal Testing Machine (Model 5569) 
in accordance with ASTM D638 standards.  

The specimens (60 mm × 12.7 mm × 3 mm) were prepared 
with an initial 4 mm notch serving as a crack initiator. 
Testing was performed in the tensile opening mode (Mode 
I) at a constant crosshead speed of 1 mm/min. The fracture 
toughness was subsequently determined using the 
following equation: 

𝐾1𝐶 =
𝐹𝑚𝑎𝑥√𝜋𝑎

𝐵𝑤
 𝑓(

𝑎

𝑤
) (4) 

𝑓 (
𝑎

𝑤
) = 1.99 − 0.41 (

𝑎

𝑤
) + 18.7 (

𝑎

𝑤
)

2

− 38.48 (
𝑎

𝑤
)

3

+

53.85 (
𝑎

𝑤
)

4

 (5) 

where,  

𝐹𝑚𝑎𝑥: Maximum force in the force-deflection trace (N) 

a: Total notch length (m) 

B: Thickness of specimen (m) 

w: Width of specimen (m) 

𝑓 (
𝑎

𝑤
): geometric factor near unities that depend on details 

of specimen geometry. 

3.6. Scanning Electron Microscopy 

The filler dispersion and the fracture surface morphology 
of the specimens were analyzed by using a scanning 
electron microscope (SEM). Fractured surfaces were 
coated with a thin layer of palladium using a sputter coater 
before observation to minimize surface charging during 
imaging. The samples were then mounted on aluminum 
stubs for analysis. Morphological characterization was 
performed on a JEOL JSM-6010LV SEM at an accelerating 
voltage of 10 kV. Once the specimen was vented and all 
parameters set at a safe clearance distance the specimen 
was transferred into the chamber. The chamber was then 
sealed and evacuated to the desired vacuum conditions. 
The working distance was adjusted to ~20mm in order to 
get clear and stable micrographs during imaging. Once the 
analysis was complete the chamber was re-vented prior to 
sample removal. 

4. DISCUSSION AND RESULTS 

This section presents an analysis of the experimental 
results obtained from the single-filler epoxy (EP) systems. 
The effects of hexagonal boron nitride (hBN) and cordierite 
(COR) at various volume fractions are examined to 
understand how filler loading influences the overall 
material behavior. The trade-off between improved 
thermal conductivity and higher viscosity is highlighted, as 
well as the effect of morphology of filler on controlling the 
mechanical properties, fracture toughness and dielectric 
properties. The discussion is framed within the 
requirements of microelectronic packaging to evaluate 
optimal filler loadings for high-performance underfill 
applications. 

4.1. Viscosity 

All epoxy composites [30] exhibit shear thinning, as shown 
in Figure 1, where viscosity decreases with increasing 
shear rate. This pseudoplastic behaviour is most 
pronounced in high-loading formulations, such as EP-COR 
at 20 vol.% and EP-HBN at 10 vol.%, where the viscosity 
reduction under shear is significant, enabling flow under 
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dispensing conditions despite high static viscosity. 
Consequently, both the COR- and hBN-filled systems 
become more processable in the high-shear environment 
of jetting or capillary flow, in line with the underfill 
processing targets [31]. This shear-thinning phenomenon 
is attributed to the structural disruption of the composite 
matrix; at low shear rates, the fillers form a linked network 
that resists flow, and the polymer chains are tightly 
entangled. At high large shear rates, the hydrodynamic 
forces break down the weak, secondary filler-filler physical 
networks, entangle and orient the epoxy molecular chains 
along the flow direction, lowering flow resistance [32]. 

Compared to cordierite, the hBN-filled systems exhibit a 
greater degree of shear thinning. With increasing shear, EP-
HBN10 exhibits a significant viscosity reduction (from high 
rest viscosity to much lower values), suggesting that plate-
like hBN networks are extremely vulnerable to shear-
induced breakdown. In contrast, cordierite, although still 
thinning, exhibits a relatively milder response because of 
its more isotropic morphology. This difference highlights 
the role of filler shape in modulating the effective 
processing window and the dispensed flow in high-shear 
dispensing, with hBN providing more thermal benefits at 
the expense of stronger shear-thinning behaviour [33,34]. 

From a processing perspective, these shear-thinning 
trends suggest that dispensing parameters should be 
optimized to enhance high-shear flow and limit low-shear 
penalties, especially for hBN-rich formulations that can 
potentially restrict capillary flow at rest. To ensure reliable 
underfill infiltration through tight gaps without voids, the 
results favor the use of COR-rich or hybrid COR–hBN 
approaches to balance flowability with thermal 
performance, tuning jetting pressures, nozzle dwell times, 
and shear regimes [33,35]. This approach seeks improved 
thermal management by controlling the hBN content and 
dispersion while leveraging the favorable shear-thinning 
tendency to achieve realistic fill. 

 

Figure 1. Viscosity trends for EP-HBN and EP-COR at various 
filler loadings and rotor speeds. 

4.2. Thermal Conductivity 

Figure 2 shows the effect of increased filler volume 
percentage on the thermal conductivity of epoxy 
composites with hexagonal boron nitride and cordierite 

fillers. The matrix reveals a starting thermal conductivity of 
~0.24 W/mK with a loading of 0 vol.%. The thermal 
performance shows an obvious increasing trend when both 
fillers are at 20 vol.%. This improvement is due to the 
replacement of particles with higher intrinsic thermal 
conductivity than low conductivity polymer matrix which 
is an important requirement for microelectronic underfill 
applications [17,36]. 

The two types of filler exhibit significantly different 
performance. The hBN composite shows a greater rate of 
enhancement, reaching a thermal conductivity of ~1.05 
W/mK at 20 vol.%. In comparison, the cordierite composite 
only reaches 0.46 W/mK at the same volume percentage 
[35,36]. This substantial difference indicates that hBN is 
more than twice as effective as COR in augmenting the heat 
transport through the system [36,37]. 

The exponential growth of the hBN curve, particularly 
between 15 vol.% and 20 vol.% loading, indicates the 
phenomenon of thermal percolation threshold. This value 
represents the percolation threshold for the transition of 
the filler particles from discrete clusters to a continuous 
percolated network across the matrix. These "thermal 
bridges" allow heat-carrying phonons to flow via high-
conductivity channels and circumvent the high-resistance 
polymer matrix. The relatively poor performance of COR at 
low loading indicates a higher percolation threshold or a 
less favorable particle shape [15,17,38]. Thus, hBN is a 
better candidate to create thermal conductive networks to 
enhance heat dissipation. 

The thermal conductivity of the hBN composite increases 
immediately at 5 vol.% as seen in Figure 2, while the 
thermal conductivity of the COR composite marginally 
decreases below the baseline of the pure epoxy. The 
reasons for a composite to have a worse thermal 
conductivity than the base resin at low loadings are mostly 
due to the creation of micro-voids during the mixing 
process and interfacial thermal resistance. At these low 
concentrations the filler particles exist as distinct islands 
that heat must flow through as they are too far apart to 
form a linked “thermal highway” [15,16,39]. 

 

Figure 2. Thermal conductivity of EP-hBN and EP-COR at 
various filler loadings. 
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4.3. Dielectric Constant 

The results of the dielectric constant show that the fillers 
added to epoxy underfill improve the dielectric response in 
a near linear fashion with filler content from a baseline of 
about 5.07 for neat epoxy. The dielectric constant increases 
with the volume fraction for both the COR and hBN 
composites, in agreement with the Rule of Mixtures, which 
stipulates that the overall permittivity is given by the sum 
of the filler and matrix contributions [40,41]. At 10 vol%, 
the COR-filled epoxy is lower (∼5.21) than that of the hBN-
filled epoxy (∼5.60), indicating higher interfacial 
polarisation and the intrinsically larger dielectric constant 
of hBN, especially at higher surface areas and with 
Maxwell-Wagner-Sillars effects at work at the interfaces 
[36,41]. 

For applications, the larger dielectric constant of hBN 
composites implies an increased capacity for capacitive 
energy storage, but this is also a trade-off for high 
frequency underfill where a low dielectric constant is 
required to prevent crosstalk and signal delay. Moreover, 
the overall better flow behaviour of COR at similar loadings 
makes cordierite-filled systems milder dielectric rise, 
therefore better satisfying the signal integrity 
requirements while keeping a more advantageous 
processing rheology [41,42]. Epoxy nanocomposites can be 
further modified in their dielectric performance by filler 
surface treatment and coupling through the effect on 
interfacial polarisation and overall permittivity [36,42]. 

 

Figure 3. Dielectric constants of hBN and COR filled epoxy 
composites at various filler loadings. 

4.4. Flexural Strength 

In the systems with COR and hBN-filled epoxy, the flexural 
strength falls gradually with the increase of filler 
concentration. This pattern agrees with the general trade-
off for heavily filled thermosets, where filler-matrix 
interfaces and possible particle agglomeration operate as 
stress concentrators weakening the composite. The clean 
epoxy presents an initial flexural strength of around 145 
MPa, which decreases considerably with increasing volume 
fraction, especially at higher loadings [36,40]. 

The strength drop of the hBN-filled composites is more 
pronounced than that of the COR systems. This behaviour 
is linked to the platelet-like morphology of hBN, which can 
provide favourable planes for crack propagation, and to a 
higher sensitivity to the interfacial bonding quality when 
surface treatment is insufficient. In contrast, the more 
isotropic geometry of the cordierite particles tends to 
promote a more uniform stress distribution within the 
matrix, enabling the composites to maintain strengths 
more than ~120 MPa up to 10 vol% loading [36,40]. 

 
At larger filler amounts (20 vol.%) both systems show a 
significant decrease in mechanical performance, with hBN 
composites decreasing to ~60 MPa. These results highlight 
the natural processing−performance trade-off: cordierite 
gives higher mechanical stability with little thermal 
enhancement, whereas hBN increases thermal 
performance at the expense of mechanical integrity. 

 

Figure 4. Flexural strength of EP-hBN and EP-COR at various 
filler loadings. 

4.5. Fracture Toughness 

The fracture toughness (K 1C) of the two systems, 
cordierite (COR) and hBN filled epoxy, reveals a non-
monotonic dependence on filler loading. The neat epoxy 
exhibits an initial value of about 6.6 MPa·m1/2, however 
there is a steep drop at 5 vol.% filler. Then a peak at 10 
vol.% was recorded and thereafter the fracture toughness 
decreased with additional filler addition. This behaviour 
suggests a change in the dominant failure mechanism: at 
lower filler content (5 vol.%) the particles mainly act as 
stress concentrators promoting crack initiation, while at 
intermediate loading (10 vol.%) they start to contribute to 
the crack resistance through mechanisms such as crack 
pinning and crack deflection [24]. 

The fracture toughness of cordierite-filled composites is 
higher than that of hBN-filled systems across all loading 
levels. At 10 vol.%, the COR system reaches ~5.7 MPa·m1/2, 
almost recovering the toughness of the neat epoxy, 
whereas the hBN system only reaches ~2.8 MPa·m1/2. This 
difference can be explained by the poorer interfacial 
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bonding and the intrinsic anisotropic platelet nature of 
hBN. The poor interfacial bonding facilitates localised 
debonding at the filler–matrix interface, as the relatively 
smooth, unfunctionalized surfaces of hBN platelets do not 
interact well with the crosslinked epoxy network. When 
the propagating crack finds these interfaces, it tends to 
propagate along the weak borders rather than be deflected, 
leading to the premature failure [43]. 

At higher loadings (15–20 vol.%), filler agglomeration 
further aggravates this behaviour by generating resin-
deficient zones that serve as easy routes for crack 
propagation, contributing to the observed drop in 
toughness beyond the 10 vol.% peak. Overall, our results 
suggest a specific processing-property trade-off: cordierite 
gives greater mechanical stability with mild reinforcing 
effects, while hBN provides enhanced thermal and 
dielectric performance at the expense of lower fracture 
resistance at larger filler percentages. 

 

Figure 5. Fracture toughness of hBN and COR filled epoxy 
composites at various filler loadings. 

4.6. Scanning Electron Microscopy 

The fracture surface of the neat epoxy is shown in Figure 
6(a). It exhibits a highly shattered glassy appearance with 
pronounced river-like patterns, which is characteristic of 
brittle failure in heavily crosslinked thermosetting 
polymers. In the absence of any reinforcing filler particles, 
the propagating fracture encounters negligible resistance 
and propagates along the zones of localized high stress. 
This leads to rapid and unstable spread of cracks in the 
whole matrix with low plastic deformation or energy 
dissipation [44]. This intrinsically brittle fracture is used as 
a baseline to assess the toughening effects introduced in 
the filled composite systems. 

The SEM micrograph of the fracture surface of the 10 vol.% 
hBN composites shows a very rough and textured surface 
as shown in Figure 6(b). This morphology suggests that the 
matrix resin obstructs the effective stress transfer that is 
responsible for the creation of very tortuous crack 
propagation paths [17,38]. The formation of 
microstructural packing flaws is seen to be more significant 

beyond the 10 vol.% threshold directly contributing to the 
observed decrease in fracture toughness. Contrary to the 
smooth morphology of the virgin matrix, hBN-filled 
composites show a much rougher fracture surface with a 
good dispersion of platelets across the crosslinked network 
without any noticeable large-scale aggregation [46]. 

The SEM image of 20 vol.% hBN filled epoxy composite 
(Figure 6(c)) presents a multi-planar fractured surface 
which is highly uneven and excessively rough. At this 
maximal filler loading, the high density of interconnected 
hBN platelets seen throughout the matrix illustrates the 
successful formation of highly dense routes for thermal 
networks. But the surface also reveals more 
microstructural packing flaws and isolated areas of dense 
filler accumulation. Despite the high aspect ratio of hBN 
platelets, which nonetheless induce significant crack 
deflection and branching, the crack courses are severely 
disturbed, indicating that localised resin-poor patches and 
weak interfacial barriers between surrounding platelets 
create a high density of micro gaps. This structural pattern 
accounts for the drop in KIC at 20 vol.%, since the benefits 
of the toughening mechanisms are negated by structural 
defects and insufficient interfacial stress transmission 
[17,45]. 

The SEM picture of the epoxy composite filled with 10% 
COR is given in Fig. 6(d). At this intermediate loading, the 
cordierite particles are very well distributed throughout 
the matrix, with low agglomeration and good particle-
matrix wetting. The presence of multiple multiplanar steps, 
localised microcracks, and discrete shear bands around the 
embedded inclusions indicates a significant disturbance in 
the crack-front advancement. The highly textured surface 
[17,45,46] suggests that the cordierite particles acted as 
effective structural barriers, leading to the deflection and 
pinning of the progressing crack point. The efficient 
triggering of energy dissipation processes directly explains 
the ability of the composite to almost totally restore its 
initial toughness at this optimal loading concentration.  

Figure 6(e) shows SEM picture for epoxy composite with 
20 vol.% COR filler. The high packing density of the 
inclusions leads to an exponential increase in the filler-
matrix interfacial area as the filler loading climbs to 20 
vol.%. This high boundary density keeps strong interfacial 
polarization (Maxwell-Wagner-Sillars effect), in which 
charge carriers pile up at phase borders under an electric 
field to give the apparent rise in the dielectric constant 
[17,38,46]. The cordierite clusters still offer good crack 
deflection and propagation resistance, but the tight packing 
of the clusters leaves resin-poor borders between adjacent 
particles. The absence of matrix resin prevents the efficient 
transfer of stress along the very sinuous fracture paths 
[17,38]. The microstructural imbalance increases with the 
filler content over the threshold of 10 vol.% and results in 
a decrease of mechanical performance. Packing flaws break 
the integrity of the composite network and are associated 
with the observed decrease of both flexural strength and 
fracture toughness. 
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Figure 6. SEM micrographs of: (a) pure epoxy, (b) 10 vol.% hBn  
filled epoxy, (c) 20 vol.% hBn filled epoxy, (d) 10 vol.% Cor filled 

epoxy, (e) 20 vol.% Cor filled epoxy. 

5. CONCLUSION 

The effects of hexagonal boron nitride (hBN) and cordierite 
(COR) as single fillers in epoxy underfill systems for 
microelectronic packaging applications were investigated 
in this work. The results showed that both fillers affected 
the thermal, rheological, dielectric and mechanical 
properties of the epoxy matrix. However, their impacts 
were rather different due to their different particle 
characteristics. 

The addition of hBN resulted in a more significant 
improvement of heat conductivity than cordierite. The 
hBN-filled composite with 20 vol.% loading had a thermal 
conductivity of 1.05 W/mK. The similar system filled with 
cordierite had a value of 0.46 W/mK. The improved 
performance of hBN is due to the development of thermally 
conductive channels in the epoxy matrix. However, the 
increase in thermal conductivity was associated with an 
increase in viscosity, an increase in dielectric constant and 
a decrease in mechanical performance at high filler 
loadings. 

The composites with cordierite filling had relatively low 
thermal conductivity but superior retention of flexural 
strength and fracture toughness. Furthermore, the 
dielectric constant showed less rise with filler loading. 
Cordierite was a promising choice for applications where 
increased signal integrity and dimensional stability are 
required. Additional SEM investigations showed that 
properly scattered cordierite particles effectively 
prevented crack progression especially at moderate filler 
concentrations. 

Among the studied compositions, the one with 10 vol.% 
filler loading gave the best overall balance of properties. 
Both filler systems displayed good processability and 
reasonable mechanical characteristics at this loading level. 
The maximum fracture toughness was achieved at 10 vol.% 
filler loading, demonstrating the prevalence of crack 
deflection and energy dissipation mechanisms before 
particle agglomeration and filler-induced defects at higher 
concentrations. 
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In summary, hBN is more suited to situations where heat 
control is the major requirement, while cordierite gives 
advantages in mechanical dependability and dielectric 
performance. The results obtained in this work are a useful 
reference for the design of epoxy underfill materials and a 
basis for future investigations using hybrid hBN-cordierite 
filler systems in order to find a more balanced mix of 
thermal, mechanical and electrical properties. 
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